In most species, each sex produces gametes, usually either sperm or oocytes, from its germline during gametogenesis. The sperm and oocyte subsequently fuse together during fertilization to create the next generation. This review focuses on spermatogenesis and the roles of sperm during fertilization in the nematode Caenorhabditis elegans, where suitable mutants are readily obtained. So far 186 mutants defective in the C. elegans male germline functions have been isolated, and many of these mutations are alleles for one of the ~60 spermatogenesis-defective (spe) genes. Many cloned spe genes are expressed specifically in the male germline, where they play roles during spermatogenesis (spermatid production), spermiogenesis (spermatid activation into spermatozoa), and/or fertilization. Moreover, several spe genes are orthologs of mammalian genes, suggesting that the reproductive processes of the C. elegans and the mammalian male germlines might share common pathways at the molecular level.
INTRODUCTION
Germ cells are essential to create the next generation of most multi-cell organisms via gametogenesis followed by fertilization. During gametogenesis, germ cells differentiate into either sperm (spermatogenesis) or oocytes (oogenesis). A mature sperm and oocyte subsequently fuse during fertilization to produce a diploid zygote that is the progenitor of all somatic and germ cells.
The nematode Caenorhabditis elegans is an excellent model system to investigate a variety of biological phenomena, including reproduction (Brenner, 1974) . Indeed, many C. elegans genes required for reproduction have been identified, and ~60 genes that can mutate to cause defects in male germline functions, the so-called spermatogenesis-defective (spe) genes, are included among this group L'Hernault and Singson, 2000) . In this article, we review how the C. elegans spe genes play roles during spermatogenesis (spermatid production), spermiogenesis (spermatid activation into spermatozoa), and/or fertilization. These C. elegans male germline functions are also reviewed elsewhere L'Hernault, 2006; Singson et al., 2008; L'Hernault, 2009) .
OVERVIEW OF C. ELEGANS REPRODUCTION
As shown in Fig. 1, C. elegans has a male like most animals, but it lacks a true female and instead has a hermaphrodite where both spermatogenesis and oogenesis occur (Hirsh et al., 1976) . Hermaphrodites first undergo spermatogenesis during the fourth larval (L4) stage. When L4 hermaphrodites become young adults, spermatogenesis stops and both arms of the U-shaped gonad completely switch to oogenesis. Hence, adult hermaphrodites are somatically females, although they contain self-sperm. Germ cells that are differentiating into oocytes are aligned in the adult worm gonads, so that immature cells are relatively distal (Fig. 1) . The mature, fertilization-ready oocyte resides at the most proximal region (−1 position) of the gonad (Fig. 1) . Ovulation of the first −1 oocyte pushes the previously produced spermatids out of the proximal gonad into the spermatheca. Once in the spermatheca, the spermatids are rapidly activated into spermatozoa (sperm), and one of them fertilizes the first oocyte. Prior to onset of embryogenesis, the fertilized oocyte moves into the uterus together with many of the remaining sperm. The sperm subsequently crawl back into the spermatheca to compete again for the next fertilization. An adult hermaphrodite contains ~300 sperm and produces ~300 self-progeny through the entire life of the animal. This indicates that nearly all wild-type sperm, despite being pushed into the uterus, are able to re-establish their position in the spermatheca so that they can be efficiently consumed by fertilization (Ward and Carrel, 1979) .
In adult males, spermatids are continuously produced and stored in the seminal vesicles of the one-armed gonad (Fig. 1 ). Upon mating with hermaphrodites, spermatids are ejaculated with the seminal fluid and enter the uterus of hermaphrodites through their vulva. The spermatids mature into spermatozoa in the uterus by exposure to an unknown seminal fluidderived factor(s), and they crawl into the spermatheca, where they fertilize oocytes.
CYTOLOGY AND PHYSIOLOGY OF MALE GERMLINE FUNCTIONS Spermatogenesis
The reproductive processes where the C. elegans male germline is involved are composed of three pivotal steps: spermatogenesis, spermiogenesis, and fertilization (Wolf et al., 1978; Ward et al., 1981; Ward, 1986; Kimble and Ward, 1988) . During meiosis I, an early phase of spermatogenesis ( Fig. 2A) , a primary spermatocyte generates two secondary spermatocytes. Each secondary spermatocyte then undergoes meiosis II, by which two haploid spermatids bud from an acellular residual body (Ward et al., 1981) . This second cell division is asymmetric, and the residual body receives many organelles and cytoplasmic proteins, including all ribosomes, the Golgi apparatus, the endoplasmic reticulum (ER), actin, myosin, and most tubulin (except for that contained in the centrioles). The mature spermatid possesses a highly condensed nucleus, the centriole pair embedded in a RNAenriched, perinuclear layer surrounding the condensed nucleus, mitochondria, and Golgiderived secretory membranous vesicles (MOs) (Ward, 1986) .
Spermatogenesis involves a dramatic partitioning of the cytoplasm mediated by the fibrous body (FB) and the MO, which form a complex (FB-MO) (Wolf et al., 1978; Ward et al., 1981) . One major role of the FB-MO complex is to ensure that sperm proteins segregate into spermatids rather than the residual body. Simultaneous with meiosis I (Fig. 3A) , each FB-MO increases in size, and the MO portion forms three compartments: the head, collar, and body regions (Fig. 3B1 ). The collar constricts the MO like a noose, so that the head region is distinguished from the body. The head is a membrane vesicle, whereas the body membrane folds around and envelopes the developing FB, but never completely seals it off from the rest of the cytoplasm (Fig. 3B2 ). The FB is mainly composed of the major sperm protein (MSP) fibers, which are hexagonally packed rods within the body membrane. The FB-MO reaches its maximum size in secondary spermatocytes (Fig. 3A) , after which the MO's body membrane surrounding the FB starts to retract. The MSP fibers of the FB are depolymerized into dimers (Klass and Hirsh, 1981; King et al., 1992; Smith and Ward, 1998) , and these disperse throughout the cytoplasm (Fig. 3B3 ). In mature spermatids (Fig. 3A) , the MOs are no longer obviously associated with MSP-fibers, and the head region of the MO localizes near the plasma membrane of spermatids ( Fig. 3B4 ).
Unlike mammals, C. elegans spermatogenesis will readily occur in vitro; spermatocytes released from dissected males differentiate into spermatids in a simple, chemically defined medium (Nelson and Ward, 1980; Machaca et al., 1996) , and accessory cells or hormones are not required for in vitro spermatogenesis. This straightforward and rapid (~90 minutes) in vitro system is a significant advantage of using C. elegans to study spermatogenesis.
Spermiogenesis
C. elegans spermiogenesis is a process that transforms a quiescent, round spermatid into a motile, amoeboid spermatozoon (sperm) (Fig. 2B) ; nematode spermatozoa do not form a flagellum. Since no ribosomes are present in spermatids, new protein synthesis does not occur during spermiogenesis. C. elegans sperm each have a single pseudopod extending from their cell body, that is used for crawling. Unlike other amoeboid-like cell types, nematode sperm utilize MSP, instead of actin, as their cytoskeletal protein (Ward and Klass, 1982) . Most of our knowledge regarding nematode sperm motility has come from Ascaris, since its sperm cells can be isolated in the large quantities required for biochemical analysis (Italiano et al., 2001) . Available data suggest that very similar phenomena can occur in C. elegans (Pavalko et al., 1988) . Within the pseudopod, MSP forms long polymers, which further associate with each other, leading to a network of MSP-bundles. At the leading edge of the pseudopod, the MSP-bundles are continuously assembled, whereas the MSP-bundle network is disassembled at the back end. The transition of the MSP-bundle network allows sperm to crawl forward (Pavalko et al., 1988; Italiano et al., 2001) . Recent data suggest that phosphorylation (Yi et al., 2007) and de-phosphorylation of accessory proteins regulate assembly and disassembly of MSP-bundle, respectively, during sperm movement (Yi et al., 2009) .
The MO has a secretory function during spermiogenesis. Upon spermatid activation, the MO head fuses with the plasma membrane and releases its contents extracellularly ( Fig. 3B5 ), while new transmembrane proteins are inserted into the plasma membrane. In this aspect, the MO might be analogous to the acrosome of flagellated sperm (Yanagimachi, 1994) . The MO collar leaves a permanent fusion pore in the plasma membrane, and the interior of the MO body is open to the extracellular space ( Fig. 3B5 ).
At present, the physiologically relevant activators of spermatids are not known in either hermaphrodites or males. Male-derived spermatids seem to be activated by a factor(s) that is contained in the seminal fluid (Ward and Carrel, 1979) , but how hermaphroditic spermatids are exposed to activator(s) is not yet understood. In vitro, spermatids can be activated into spermatozoa by treatment with either of the cationic ionophore monensin (Nelson and Ward, 1980) , the weak base triethanolamine (TEA), the phosphoinositide 3-kinase inhibitor wortmannin (Bae et al., 2009) , or proteases, the most effective of which is the serine protease mixture Pronase (Ward et al., 1983) . Spermatozoa produced by in vitro activation with TEA, but not Pronase, are competent to fertilize oocytes after they are introduced into hermaphrodites by artificial insemination (LaMunyon and Ward, 1994) .
Fertilization
In C. elegans, in vivo fertilization always occurs in the spermatheca of hermaphrodites ( Fig.  1) . While most aspects of spermatogenesis are highly similar in hermaphrodites and males, the spermatids produced by males are ~50% larger than those produced by hermaphrodites. Furthermore, male-derived spermatozoa can move faster than hermaphrodite-derived spermatozoa (LaMunyon and . Either or both of these parameters (size and crawling velocity) might explain the superiority of male-derived spermatozoa as compared to hermaphrodite-derived ones in competing to fertilize oocytes (LaMunyon and LaMunyon and Ward, 1998) . Consequently, after mating, fertilization occurs exclusively between oocytes and male-derived sperm, rather than between oocytes and hermaphroditic sperm (Ward and Carrel, 1979) .
C. elegans fertilization differs from mammalian fertilization in several significant ways. Firstly, in mammals, sperm have to bind the zona pellucida (ZP), a glycoprotein matrix surrounding the oocyte, in order to undergo the sperm acrosome reaction, which is a prerequisite for sperm-oocyte fusion (Yanagimachi, 1994) . In contrast, C. elegans sperm lack an acrosome, probably due to the absence of any substantial egg coat, like the ZP, on C. elegans oocytes. Secondly, acrosome-reacted sperm of mammals bind to the oocyte plasma membrane at the equatorial region of the sperm head (Yanagimachi, 1994) , whereas C. elegans sperm probably first contact the oocyte plasma membrane via the pseudopods (Fig.  2C ), which functionally correspond to the flagella of mammalian sperm. Thirdly, unlike mammals, a system for in vitro fertilization (IVF) is not yet available for C. elegans. The major problem is that there is no known method to isolate enough fertilization-competent oocytes to systematically examine and optimize C. elegans IVF.
In certain ways, the reproductive tract of C. elegans adult hermaphrodites is analogous to that of mammalian females; the proximal gonad, spermatheca, and uterus of adult hermaphrodites play similar spatial roles to those of the ovary, oviduct, and uterus of mammalian females. As described above, adult hermaphrodites are somatically females and no longer produce sperm. Consequently, adult hermaphrodites are more accurately thought of "females carrying self-sperm". Hence, C. elegans might provide insights into certain in vivo aspects of internal fertilization that are analogous to mammalian fertilization.
ROLES OF SPE GENES IN MALE GERMLINE FUNCTIONS
What Are spe Mutants? spe (spermatogenesis-defective) or fer (fertilization-defective, which is obsolete terminology) mutants produce spermatocytes, spermatids, and/or sperm whose functions are aberrant during spermatogenesis, spermiogenesis, and/or fertilization. spe mutant hermaphrodites produce very few progeny and, instead, lay unfertilized oocytes (L'Hernault et al., 1988; McCarter et al., 1999) . However, mating to wild-type males allows spe mutant hermaphrodites to produce outcross progeny. This indicates that sperm, but not oocytes, are functionally defective in spe mutants. In other words, wild-type sperm are necessary and sufficient to rescue the self-sterility of mutant hermaphrodites (Argon and Ward, 1980; L'Hernault et al., 1988) . Using these criteria, mutants that define ~60 spe genes have been isolated after treatment of hermaphrodites with chemical mutagens (L'Hernault, 1997; L'Hernault and Singson, 2000) , such as ethyl methanesulfonate (EMS) and trimethylpsoralen (TMP) (Anderson, 1995) . Table 1 shows a partial list of spe mutants that have been analyzed in some details. While many spe genes are expressed specifically or predominantly in the C. elegans male germline as expected (Reinke et al., 2000) , other genes that play important roles in the male germline are also expressed in other tissues.
spe Genes Required for Spermatogenesis Cell cycle during meiosis wee-1.3: In many higher organisms including humans, the G2/M transition is regulated by activation of a protein complex between cyclin B and Cdk1 (also called Cdc2), a cyclindependent kinase (Dunphy et al., 1988; Lindqvist et al., 2009 ). Phosphorylation of Thr 14 and Tyr 15 on Cdk1 negatively regulates Cdk1 kinase activity (Coleman and Dunphy, 1994; O'Farrell, 2001; Lindqvist et al., 2009 ). The Wee1 kinase family Myt1 is a single-pass transmembrane protein whose cytoplasmic tail has unknown function(s). Since the metazoan Myt1 kinases can phosphorylate both of the Thr 14 and Tyr 15 residues on Cdk1, Myt1 is thought to be a negative regulator for Cdk1 (Booher et al., 1997; O'Farrell, 2001) .
In C. elegans, the wee-1.3 gene is widely expressed and encodes the Myt1 kinase ortholog (Lamitina and L'Hernault, 2002) . Like other Myt1 orthologs, WEE-1.3 protein controls Mphase entry during oocyte meiosis (Burrows et al., 2006) and, more generally, mitosis. Indeed, a null mutation of wee-1.3 causes embryonic lethality (Lamitina and L'Hernault, 2002) . There are also six dominant, missense mutations in the wee-1.3 gene that change amino acids near the C-terminus of WEE-1.3 (Lamitina and L'Hernault, 2002) . Interestingly, all these missense mutations prevent primary spermatocytes from entering Mphase, while neither oocyte meiosis nor any mitotic division is affected by these mutations (Lamitina and L'Hernault, 2002) . This indicates that the cytoplasmic tail of WEE-1.3 is required for regulation of meiosis during spermatogenesis.
So far wee-1.3 is the only gene that has mutations specifically affecting meiosis during spermatogenesis, although numerous other genes seem to act in the regulation of meiosis. Perhaps, most of the meiosis-regulatory genes are important during oogenesis and/or mitosis, so that mutations of these genes would result in non-Spe-type sterility or embryonic lethality.
FB-MO
fer-1: FER-1 is a transmembrane protein with six C2 (protein kinase C conserved region 2) domains (Achanzar and Ward, 1997) , which defines features of the ferlin family in animals (Bashir et al., 1998) . The C2 domains usually act in calcium-dependent lipid-processing events, such as vesicle fusion (Lemmon, 2008) . FER-1 was demonstrated to regulate the calcium-dependent membrane fusion between the MOs and the plasma membrane during spermatid activation (Washington and Ward, 2006) . Indeed, in fer-1 mutant spermatids, MOs do not fuse with the plasma membrane upon spermiogenesis. The resulting fer-1 mutant sperm have short pseudopods and are immotile, because they cannot properly crawl (Ward et al., 1981; Roberts and Ward, 1982; Washington and Ward, 2006) .
spe-4:
In spe-4 mutants, spermatogenesis arrests as terminal spermatocytes, where four haploid nuclei share a common cytoplasm because cytokinesis is not completed. Unlike wild type, spe-4 mutant cells contain vacuolated MOs that are not near the plasma membrane and are randomly distributed throughout the cytoplasm. Additionally, in mutant spermatocytes, tubulin is present in unusual deposits near the plasma membrane, and FBs are not obviously associated with MOs. spe-4 encodes an 8-pass transmembrane protein localized within MOs of spermatids and spermatozoa, which belongs to the presenilin family (L'Hernault and Arduengo, 1992; Arduengo et al., 1998) . Members of this family are components of the γ-secretase complex, which is an aspartyl protease implicated in intra-membrane proteolysis of single-pass transmembrane proteins, such as β-amyloid precursor protein (APP) and Notch (Iwatsubo, 2004) . Domain swapping experiments between SPE-4 and mammalian presenilin 1 revealed that SPE-4 can process APP but not Notch (Yamasaki et al., 2006) . While the physiological substrate(s) processed by SPE-4 during spermatogenesis is not yet clear, it is known that a reduction-of-function spe-4 mutant shows genetic suppression of the spe-8 class pathway for spermatid activation (Fig. 4 , also see below). Since this pathway includes transmembrane proteins, it will be interesting if they prove to be substrates for the SPE-4 proteolytic activity (Gosney et al., 2008) . spe-5: SPE-5 is a B subunit of the vacuolar ATPase (V-ATPase), which is localized in the MOs of spermatids (Gleason et al., unpublished data) . spe-5 null mutants produce arrested terminal spermatocytes where the MOs are vacuolated and, unlike spe-4 mutants, associated with the FBs (L'Hernault et al., 1988; Machaca and L'Hernault, 1997) . A space between the outer and inner layers of the membrane that surrounds the FBs is greatly expanded in spe-5 mutants, suggesting the V-ATPase participates in this aspect of FB-MO morphology. If SPE-5 is a part of an active V-ATPase, this and other defective aspects of morphogenesis in spe-5 mutants are probably due to failure to acidify the FB-MOs (Cipriano et al., 2008) . spe-6: spe-6 mutants usually produce defective primary spermatocytes that do not properly divide into spermatids. In mutant spermatocytes, MSP fails to assemble into FBs so that unassembled MSP is scattered throughout the cell (Varkey et al., 1993) . Since the spe-6 gene encodes a Ser/Thr kinase of the casein kinase I family, the signaling pathway(s) via SPE-6 is probably required for MSP to assemble into FBs (Muhlrad and Ward, 2002) . Additionally, the spe-6 gene is involved in spermiogenesis as non-null mutations are suppressors in the spe-8 class pathway that regulates spermatid activation in hermaphrodites (Fig. 4, also see below) .
spe-10:
In spe-10 mutants, the FBs of terminal spermatocytes are not delivered into budding spermatids and remain in the residual body or bud off as FB cytoplasts (Shakes and Ward, 1989b) . The MOs are segregated into spermatids but become vacuolated. spe-10 mutant spermatids are small (~60% of wild-type) and their nuclei are off center. After completing spermiogenesis, the resulting pseudopods are significantly shorter than those found on wildtype spermatozoa. SPE-10 is a four-pass transmembrane protein with a DHHC (Asp-His-His-Cys)-CRD (Cys-rich domain) zinc-finger domain, which represents the catalytic site found in a large family of eukaryotic palmitoyl transferases (Linder and Deschenes, 2007) . The presumptive substrate(s) for palmitoylation by SPE-10 and its role in FB-MO morphogenesis are currently unknown.
spe-17:
This gene encodes a Ser/Thr-rich, highly charged protein that has no obvious homolog outside nematodes (L'Hernault et al., 1993) . spe-17 mutants share several cytological phenotypes with those of spe-10 mutants (Shakes and Ward, 1989b) ; small spermatids (~60% of wild-type) whose nuclei are off center and are activated into spermatozoa containing short pseudopods. Unlike spe-10 mutants, in spe-17 mutant spermatids, the FBs are successfully segregated from the residual body. However, ribosomes reside on the MO membranes in spe-17 mutant spermatids, and this feature is never observed in wild-type or any other characterized C. elegans mutant that affects spermatogenesis. Despite these abnormalities, some spe-17 spermatids can activate to form spermatozoa that are capable of acting during fertilization, albeit at greatly reduced efficiency (less than 1%) as compared to wild type (L'Hernault et al., 1993) .
spe-39:
In spe-39 mutants (Zhu and L'Hernault, 2003) , spermatogenesis usually arrests as aberrant terminal spermatocytes. Rarely observed spe-39 mutant spermatids are small and they have a nucleus that is located off center. There is no clear MO-like structure (~800 nm) in spe-39 mutants and, instead, numerous small vesicles (~100 nm), that are presumably an earlier stage of the MO biosynthetic pathway, are present in spermatocytes. Although spe-39 mutants fail to form normal FB-MOs, SPE-39 is not a component of these structures; this protein is uniformly distributed in the cytoplasm of wild-type spermatids and spermatozoa (Zhu and L'Hernault, 2003) . The SPE-39 protein is widely distributed in C. elegans somatic tissues, and there are orthologs in all animals for which complete genomic sequences are available, including humans. The human spe-39 ortholog FLJ2707 is expressed in more than 20 different tissues, including those derived from embryos, germ cells, testis, ectoderm, mesoderm, and endoderm. Clues to the functions of SPE-39 have come from examination of its role in C. elegans oocytes and coelomocytes. In these diverse cell types, mutation of or RNA interference-induced knockdown of spe-39 alters cargo delivery to lysosomes, probably by affecting the endocytic vesicular pathway. Furthermore, biochemical experiments using cultured human cells revealed that the human SPE-39 ortholog is associated with a subset of the HOPS (homotypic fusion and vacuole protein sorting) complexes, and that this protein is present in sorting, recycling, and late endosomes but absent from lysosomes. These facts, together with other data, imply that the MOs of C. elegans spermatids are specialized lysosomes, and illustrate that proteins important in conserved aspects of eukaryotic vesicular trafficking can be discovered by studying C. elegans spermatogenesis (Zhu et al., 2009 ). Cytoskeleton spe-15: SPE-15 is a heavy chain of myosin VI (L'Hernault et al., 1988; Kelleher et al., 2000) . SPE-15 participates in the asymmetric partitioning of organelles and other cellular constituents that occurs during spermatid budding from the residual body. As discussed above, this process typically results in the spermatid receiving MOs, mitochondria, and the nucleus but losing all its ribosomes, many intracellular membranes, and nearly all its conventional cytoskeletal proteins (actin, myosin, and tubulin) except for the paired centrioles (Ward, 1986) . While the budding of spermatids does occur in spe-15 mutants, asymmetric partitioning of cellular constituents is abnormal. spe-15 mutant spermatocytes can neither efficiently segregate mitochondria and the FB-MOs into budding spermatids, nor prevent actin filaments and microtubules from segregating to spermatids (L'Hernault et al., 1988; Kelleher et al., 2000) . In contrast, nuclei seem to be faithfully segregated to spermatids, despite these other profound sorting problems. The vast majority (~99%) of the resulting spe-15 mutant spermatids are not properly activated into spermatozoa when tested in vitro, but instead acquire a skewered appearance or extend fine spikes. DNA microarray data suggest that gene expression of spe-15 is confined to spermatogenesis (Reinke et al., 2004) , which is consistent with the absence of any obvious defect in the somatic and female germline cells of spe-15 mutants.
spe-26:
This gene encodes a soluble protein with five tandem repeats, each of ~50 amino acids (Varkey et al., 1995) . These repeats are similar to those in the Drosophila protein Kelch (Xue and Cooley, 1993) and the Limulus sperm protein Scruin (Owen and DeRosier, 1993; Schmid et al., 1994; Schmid et al., 2004) , that are both actin filament-binding proteins. spe-26 mutants carrying the most severe allele arrest spermatogenesis at the secondary spermatocyte stage and produce almost no spermatids. These arrested secondary spermatocytes sometimes form four nuclei, suggesting that they complete meiosis. However, spe-26 mutant spermatocytes usually show chromosome segregation defects; they can have as many as 12 nuclear DNA masses. While these abnormal spermatocytes make a meiotic apparatus, they later fail to disassemble it and also show other defects including the mislocalization of actin filaments and ER (Varkey et al., 1995) . In some ways, spe-26 mutant spermatocytes exhibit morphological features that are reminiscent of spermatids; their FBs at least partly disassemble, the MOs become compact, and nuclei can sometimes have highly condensed chromatin. The spe-26 gene expresses two transcripts but only one is specific to spermatogenesis, consistent with the fact that spe-26 also affects somatic processes, including lifespan (Van Voorhies, 1992) and increased thermotolerance (Lithgow et al., 1995) .
spe Genes Required for Sex-specific Spermiogenesis
Hermaphrodite-dependent spermiogenesis-spe-8 class mutants all exhibit the same phenotype; hermaphrodites are self-sterile and males are cross-fertile. These mutant hermaphrodites produce spermatids that are not activated into spermatozoa in vivo. Currently, there are five spe genes known to be in this class [spe-8 (L'Hernault et al., 1988; Ward, 1989a), spe-12 (L'Hernault et al., 1988; Shakes and Ward, 1989a; Nance et al., 1999) , spe-19 (Geldziler et al., 2005) , spe-27 (Minniti et al., 1996) , and spe-29 : for predicted proteins encoded by these genes, see Table 1 ]. Mating spe-8 class mutant hermaphrodites with males (wild-type or spe-8 class mutants) can result in the appearance of self-progeny. Successful execution of this experiment requires unactivated, hermaphrodite-derived spermatids to be in or near the spermatheca. These spermatids apparently respond to spermatid activator(s) present in male-derived seminal fluids, suggesting that mutations in the spe-8 class genes cause defects in the hermaphroditedependent pathway for spermatid activation. Both hermaphrodite-and male-derived spermatids from spe-8 class mutants are morphologically normal and are activated into normal-appearing spermatozoa by in vitro treatment with monensin or TEA. However, in vitro treatment with the activator Pronase causes mutant spermatids from either sex to arrest at an intermediate stage characterized by spiky projections that do not ever transform into a pseudopod. Therefore, spermatids from the spe-8 class mutants of either sex seem to have a defect(s) in those aspects of the spermiogenesis pathway that is affected by Pronase. These data suggest that, in hermaphrodite-and male-derived spermatids, there might be two pathways for spermatid activation that are dependent on or independent of spe-8 class genes (Fig. 4) . The spe-8 class-dependent pathway seems to act during spermiogenesis in hermaphrodites, while males probably utilize the spe-8 class-independent pathway for spermatid activation (Fig. 4) . Moreover, these two pathways might converge at some common points (Fig. 4) . Among spe-8 class genes, spe-12 might be required for both of the spermiogenesis pathways (Fig. 4) , since spe-12 mutant males show partially defective spermatid activation into spermatozoa (Nance et al., 1999) .
One consequence of the sex-specific phenotypic defects in the spe-8 class mutants is that each mutant can be propagated as a homozygous strain where males must mate with hermaphrodites. This requires maintenance on agar plates, where mating is possible, because worms cannot mate in liquid growth media that are shaken. Suppressor mutants that rescue the self-sterility of spe-27 mutant hermaphrodites were isolated by mutagenizing a spe-27 homozygous male/hermaphrodite strain, transferring it to liquid media and selecting for selffertility (Muhlrad and Ward, 2002) . Hermaphrodites with elevated, but not wild-type levels of, self-fertility were identified and, interestingly, some suppressor mutations were non-null alleles of spe-4 (Gosney et al., 2008) or spe-6 (Muhlrad and Ward, 2002) .
The suppressor strains that carry a spe-6 allele rescue not only spe-27 mutants but also other spe-8 class mutants (Muhlrad and Ward, 2002) . Thus, SPE-6 seems to function downstream of the spe-8 class pathway, and reduction of SPE-6 kinase activity is probably required for onset of spermiogenesis (Fig. 4) . Spermatids from males that are homozygous for a spe-6 suppressor allele (other alleles have not been tested yet), but not for a spe-8 class allele, are abnormal in FB-MO morphology and they precociously activate into spermatozoa within the gonads (Muhlrad and Ward, 2002) . These data, together with those discussed above, show that the SPE-6 kinase participates in at least two distinct processes: FB-MO morphogenesis in spermatocytes and spermatid activation.
An unusual non-null spe-4 mutant also suppresses the self-sterility of spe-8 class mutants including spe-27 mutants, suggesting that the spe-8 class pathway is bypassed in this spe-4 mutant background (Gosney et al., 2008) . This implies that one normal role of the SPE-4 presenilin is to regulate the proteolytic processing of a membrane protein(s) that is a component of the spe-8 class pathway (Fig. 4) . In males carrying just the spe-4 suppressor allele, spermatocytes as well as spermatids are stored in the seminal vesicles, as occurs in males carrying spe-4 non-suppressor alleles (L'Hernault and Arduengo, 1992; Arduengo et al., 1998) . Moreover, the spe-4 suppressor mutant in a background lacking any spe-8 class gene mutation causes premature spermatid activation within the male gonads. Hence, the spe-4 suppressor mutant, like spe-6 suppressor mutants (see above), causes two distinctive phenotypes; a FB-MO assembly defect in spermatocytes, which is also seen in spe-4 nonsuppressor mutants, and defective spermatid activation, which is observed in spe-4 suppressor mutants but not null mutants (Gosney et al., 2008) .
Male-dependent spermiogenesis
swm-1: This gene is implicated in male-specific fertility (Stanfield and Villeneuve, 2006) . In swm-1 mutant males, spermatids are ectopically activated into spermatozoa within the male-reproductive tract, and these mutant sperm are not transferred normally into hermaphrodites during mating. Since swm-1 mutant spermatozoa are capable of fertilizing oocytes, the sterility of swm-1 mutant males is probably due to this transfer defect. The swm-1 gene encodes a soluble protein with two trypsin inhibitor-like domains, each of which presumably blocks different serine proteases (Fig. 4) . Thus, multiple serine proteases seem to act during male-specific spermiogenesis (Fig. 4) , and SWM-1 might block serine protease-dependent spermatid activation within the seminal vesicles. After a male ejaculates his spermatids into a hermaphrodite, these serine proteases probably disassociate from SWM-1 in her uterus where they participate in spermatid activation (Fig. 4) .
spe Genes Required for Fertilization
Mutations in any of the six spe-9 class genes result in essentially the same phenotype [spe-9 (L'Hernault et al., 1988; Singson et al., 1998; Zannoni et al., 2003; Putiri et al., 2004 ), spe-13 (L'Hernault et al., 1988 Putiri et al., 2004) , spe-38 , spe-41/ trp-3 (Xu and Sternberg, 2003) , spe-42 (Kroft et al., 2005) , and fer-14 (Kroft et al., unpublished data) : also see Table 1 ]. The spe-9 class mutants produce spermatozoa that cannot fertilize oocytes despite their normal morphology and motility, although these mutant spermatozoa can contact the oocyte surface in the spermatheca. There are at least two interpretations to integrate these phenotypes. Firstly, spe-9 class mutant sperm bind to the oocyte plasma membrane with very low affinities. This results in mutant sperm that are easily detached from the oocyte plasma membrane or cannot proceed to the next step, such as sperm-oocyte fusion. Secondly, the spe-9 class mutant sperm normally bind to the oocyte plasma membrane, but they have a defect in sperm surface-oocyte surface fusion. While we cannot currently distinguish between these two possibilities, it is safe to assume that spe-9 class mutants are probably involved in sperm-oocyte interactions (binding and/or fusion). spe-9: SPE-9 is a transmembrane protein with 10 epidermal growth factor (EGF)-like domains (Fig. 5A) , and the overall structure of SPE-9 is similar to those of ligands for the Notch/LIN-12/GLP-1 family: Delta, Serrate, and Jagged1 proteins (Singson et al., 1998; Putiri et al., 2004) . Similar to the Notch family ligands, SPE-9 might be a ligand for a putative sperm receptor(s) on the oocyte plasma membrane (Fig. 5A ). This hypothesis is consistent with the fact that SPE-9 is localized on the sperm pseudopodial surface (Zannoni et al., 2003) , through which sperm interact with oocytes ( Fig. 2D ). SPE-9 does not have a DSL domain characterizing the Delta/Serrate/LAG-2 family, suggesting that how it functions as a ligand differs significantly from the Delta family (Cordle et al., 2008) . spe-42: SPE-42 is a six-pass transmembrane protein whose localization is not yet clear, and this protein contains two functional domains, the DC-STAMP (dendritic cell-specific transmembrane protein) and the C4C4-type RING finger domains (Kroft et al., 2005) (Fig.  5B) . Mammalian DC-STAMPs are known to play a key role in cell-cell fusion of osteoclasts and foreign body giant cells (Miyamoto, 2006) . Moreover, the Drosophila gene sneaky, presumably the ortholog of spe-42, is involved in sperm plasma membrane breakdown after fly sperm enter eggs (Wilson et al., 2006) . These findings suggest that SPE-42 might play a role(s) in sperm-oocyte fusion through the DC-STAMP domain.
The C4C4-type RING finger domains generally mediate protein-protein interactions (Borden, 2000) . Therefore, SPE-42 could associate with another sperm protein(s) through this domain. It is also possible that the SPE-42 RING finger might have a ubiquitin E3 ligase activity, like the human RING finger protein CNOT4 (Hanzawa et al., 2001; Albert et al., 2002) , although it is C3HC4-type RING fingers that usually have this enzymatic activity (Deshaies and Joazeiro, 2009) . Consequently, SPE-42 possibly catalyzes the ubiquitination of a sperm protein(s) that acts during sperm-oocyte interactions (Fig. 5B) , in order to regulate the localization and/or function of that protein(s).
spe-38:
This gene encodes a four-pass transmembrane protein with no other significant domains (Fig. 5C ). SPE-38 is located within MOs in spermatids but it appears on the cell surface after MO fusion with the plasma membrane. SPE-38 is probably involved in sperm-oocyte interactions because it localizes to pseudopods like SPE-9. Although the functional role(s) of SPE-38 is not yet known, this protein might act as a scaffold for another sperm protein(s) that is implicated in sperm-oocyte interactions (Fig.  5C ).
spe-41/trp-3: SPE-41/TRP-3 belongs to the TRPC (transient receptor potential (TRP)canonical) superfamily of cation channels (Xu and Sternberg, 2003) (Fig. 5D ). Indeed, SPE-41/TRP-3 was demonstrated to act as a calcium channel in spermatozoa, but not in spermatids. This finding is in good agreement with the SPE-41/TRP-3 localization; SPE-41/ TRP-3 is intracellularly localized in the MOs of spermatids, and during spermiogenesis, this protein translocates onto the surface of both the pseudopod and the cell body. Again, the pseudopod is the place where sperm-oocyte interactions are thought to occur. On the C. elegans sperm surface, SPE-41/TRP-3 probably forms a homo-or hetero-tetramer through the ankyrin and coiled-coil domains (Fig. 5D ), like other members of the TRP family (Schindl and Romanin, 2007) . Sperm-oocyte binding might produce a signal to open the SPE-41/TRP-3 channel, and the ensuing calcium influx would trigger gamete fusion (Fig. 5) . Indeed, there is evidence for the TRPC family to play roles in lipid-processing events that might facilitate membrane-membrane fusion (Beech et al., 2009) . spe Gene Required for Embryogenesis spe-11: This gene encodes a soluble protein that is localized in the perinuclear region of sperm (Browning and Strome, 1996) . Embryos produced by fertilization between spe-11 mutant oocytes and wild-type sperm develop normally (Hill et al., 1989) . On the other hand, spe-11 mutant sperm can fertilize wild-type oocytes, but the resulting embryos always die (L'Hernault et al., 1988; Hill et al., 1989; McNally and McNally, 2005) . In wild-type sperm, the perinuclear halo surrounding the nucleus and centriolar pair is evenly distributed, while the halo in spe-11 mutant sperm is unevenly distributed and contains extra-granular materials. Additionally, computer-assisted analysis revealed that spe-11 mutant spermatozoa have a defect in the dynamic morphology of their pseudopods, although the defect does not significantly affect the crawling velocity of the mutant sperm (Royal et al., 1997) . cyk-4: CYK-4 is a sperm-enriched, Rho GTPase-activating protein (GAP). CYK-4/GAP targets RHO-1, a C. elegans ortholog of the GTPase RhoA, and cooperation of these two proteins and the kinesin-like protein ZEN-4 are required for assembly of the central spindle in embryos (Jantsch-Plunger et al., 2000) . It was recently demonstrated that, after fertilization, the paternally supplied CYK-4/GAP, RHO-1/RhoA, and the guanine nucleotide-exchange factor ECT-2 together regulate an actomyosin network to produce its gradient within a one-cell embryo, which leads to cell polarity (Jenkins et al., 2006) .
PERSPECTIVES
Infertility has a diverse series of causes (Matzuk and Lamb, 2008) , and this disease/disorder is a serious social problem that seems to be increasing in the developed world (Greil, 1997; Fidler and Bernstein, 1999) . However, there has been little progress over the past decade in identifying and treating the underlying causes. This is, at least in part, because the molecular basis of reproduction is poorly understood in animals, including humans.
There are two major reasons why C. elegans is useful for the study of reproductive biology. Firstly, as described above, numerous mutants defective in reproduction can be easily created. These mutants provide access to the molecular basis of reproduction when the affected genes are cloned and analyzed. One area that is especially important and poorly understood in any species is the mechanism of sperm-oocyte binding/fusion. The six C. elegans spe-9 class mutants, where otherwise normal spermatozoa fail to properly interact with oocytes so that fertilization does not occur, are the largest collection of this type known in any organism, and it seems likely that more mutants of this type remain to be identified. Secondly, C. elegans is optically transparent, which allows gamete development and fertilization to be analyzed "in vivo". Since worms can be treated with small chemicals, peptides, and antibodies by soaking, feeding, and/or microinjection, they can be used as a kind of "in vivo test tube", which is unique in reproductive research. These important properties of this model animal could allow evaluation of drugs developed for infertile or contraceptive therapies.
While we have superb tools for the in vivo analysis of fertilization in C. elegans, we currently lack an IVF assay. Development of an IVF assay would permit determination of the precise point where mutants (already available and ones obtained in the future) affect fertilization. Hopefully, at some point in the not so distant future, candidate drugs for infertile or contraceptive therapies will be testable by analyzing both in vitro and in vivo C. elegans fertilization. The two sexes of the nematode C. elegans. Top: An adult hermaphrodite has a two-armed gonad that exhibits mirror image symmetry around the single vulval opening. The location of each spermatheca is outlined by red squares. Numbers below the gonad indicate the positions of oocytes according to their developmental stages. Bottom: An adult male has a one-armed gonad. Spermatids accumulate in the single vas deferens until they are ejaculated during mating with a hermaphrodite. The three central stages of male germline functions. A: Spermatogenesis. B: Spermiogenesis. C: Fertilization. A blue square shows that a sperm contacts the oocyte plasma membrane through its pseudopod. In these figures, the approximate point where a spe gene is first observed to act (by light microscopy) is indicated in red letters. Two predicted pathways for spermiogenesis. Spermatids from hermaphrodites and males probably each have a distinct pathway for spermiogenesis. One pathway is spe-8 classdependent (surrounded by broken or solid orange line) and another is spe-8 classindependent (broken or solid light blue line). A decision to utilize either pathway might depend on activators that are sex-specific. The spe-8 class-dependent pathway seems to be stimulated by a hermaphrodite-derived activator(s) or the serine protease mixture Pronase, whereas male-derived serine proteases that are targets of the trypsin inhibitor-like protein SWM-1 utilize the spe-8 class-independent pathway. To initiate spermiogenesis, these activators might be required to cleave a certain cell-surface protein(s). There seem to be other possible ways to initiate spermiogenesis. For example, serine proteases targeted by SWM-1 might process a precursor protein(s) of the actual activator(s) for spermiogenesis. The SPE-6 kinase is downstream of SPE-8 class proteins and is one of the common points between these two pathways. This kinase phosphorylates (shown as "P" in a light orange ball) unknown substrate(s), and the phosphorylated protein then plays a role in signal transduction to block onset of spermiogenesis. The signal might affect the SPE-4 presenilin and presumably other proteins (purple and blue diamonds; the precise number is unknown). During spermiogenesis, SPE-6 activity is reduced so that negative regulatory proteins such as SPE-4 cannot function to block spermiogenesis. In this figure, the active and inactive status are shown by solid and broken lines, respectively. Thick, black arrows represent positive regulation, whereas negative regulation is expressed by T-shaped lines. PM, plasma membrane. 
